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The rotation curve of the Milky Way is commonly used to estimate the local dark matter density
ρDM,. However, the estimates are subject to the choice of the distribution of baryons needed
in this type of studies. In this work we explore several Galactic mass models that differ in the
distribution of baryons and dark matter, in order to determine ρDM,. For this purpose we analyze
the precise rotation curve measurements of the Milky Way up to ∼ 25 kpc from the Galactic centre
obtained from Gaia DR2 [1]. We find that the estimated value of ρDM, stays robust to reasonable
changes in the spherical dark matter halo. However, we show that ρDM, is affected by the choice
of the model for the underlying baryonic components. In particular, we find that ρDM, is mostly
sensitive to uncertainties in the disk components of the Galaxy. We also show that, when choosing
one particular baryonic model, the estimate of ρDM, has an uncertainty of only about 10% of its
best-fit value, but this uncertainty gets much bigger when we also consider the variation of the
baryonic model. In particular, the rotation curve method does not allow to exclude the presence of
an additional very thin component, that can increase ρDM, by more than a factor of 8. Therefore,
we conclude that exclusively using the rotation curve of the Galaxy is not enough to provide a
robust estimate of ρDM,. For all the models that we study without the presence of an additional
thin component, our resulting estimates of the local dark matter density take values in the range
ρDM, ' 0.3–0.4 GeV/cm3, consistent with many of the estimates in the literature.
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31. INTRODUCTION
An accurate and robust estimate of the local dark matter density (ρDM,) at the location of the Sun has been
a goal in astrophysics for a long time. A correct value is imperative for the interpretations of dark matter signals
in a variety of experimental efforts. For example, in direct detection experiments searching for Weakly Interacting
Massive Particle (WIMPs), the parameter ρDM, is inversely proportional to the derived scattering cross section of
the WIMP/nucleus interaction. Furthermore, since ρDM, is also linked to the normalization of the dark matter halo,
a precise measurement of this quantity plays an important role for indirect detection searches, as well as in cosmology
and astrophysics for those studies that rely on the dark matter distribution of the Milky Way.
One possible way of constraining ρDM, comes from the analysis of the rotation curve of the Milky Way. This
method is based on the comparison of measurements of the circular velocity in the disk at different radii, vc(R), with
theoretical estimates of the same quantity, where R is the radius in the galactocentric cylindrical coordinates. The
theoretical estimates of the circular velocity are derived from the potential Φ of the Galaxy through the relation
v2c (R) = R
∂Φ
∂R
∣∣∣∣
z=0
. (1)
The potential Φ is the sum of the contribution of different components Φi. In our study we consider a spherical dark
matter halo, a spherical Galactic bulge and axisymmetric distributions for the Galactic disk. In those cases in which
a distribution is given in terms of its energy density ρi, the potential is obtained through the Poisson equation
∇2Φi = 4piGρi, (2)
where G is the gravitational constant. For a comprehensive review of the rotation curve’s method and other methods
to infer ρDM, we refer the reader to [2].
Given our location in the Galaxy, determining the Milky Way’s rotation curve to a good precision has been a
persistent challenge [3, 4]. This has been partly due to the complexities that come into play from the dense and
obscuring inter-galactic gas and dust present in the Galaxy’s disk. However, the major drawback so far had been
the lack of well measured 3D velocities and distances of the stars in the Milky Way. This handicap has now been
overcome with the second data release (DR2) of the ESA/Gaia mission [5, 6].
Gaia DR2 has provided extremely well measured proper motions for a significantly large volume of our Galaxy.
Combining this exquisite data with other astrophysical surveys, [1] determined the Milky Way’s rotation curve1 for
the distance range of 5 kpc ≤ R ≤ 25 kpc. Analyzing their accurate measurement of the rotation curve of the Galaxy,
they also provide an estimate of ρDM,. In order to infer the value of ρDM, from the rotation curve, they use a
Galactic mass model in which they fix the baryonic components and fit a spherical dark matter halo. With their
assumptions, [1] quote a result of ρDM, = 0.30± 0.03 GeV/cm3.
In this paper we perform a more general study. We explore a variety of different Galactic mass models, comprised
of different baryonic and dark matter components, to study the corresponding effects on the estimate of ρDM, from
rotation curve measurements. Specifically, we reanalyze the rotation curve data from [1] to show that uncertainties
in the baryonic components can lead to a significant uncertainty in the best-fit value of ρDM,.
The paper is arranged as follows: In section 2 we detail all the mass models that we use in our study; in section 3
we present the analyses of the rotation curve based on different mass models; the results are compared and discussed
in section 4, and we draw our conclusions in section 5.
2. GALACTIC MODELS
In order to study the influence that the choice of a specific mass model has in the determination of ρDM, from the
rotation curve of our Galaxy, we analyze a selection of models with different mass distributions. All the mass models
that we study contain two main components: the baryonic part (in the form of disks and a bulge) and a dark matter
halo. Apart from axisymmetry, we also assume in our analysis that the Galaxy is in a state of dynamical equilibrium.
Below we describe the baryonic and dark matter halo components that we investigate in our study and the motivation
behind these choices. We first lay out all the considered baryonic models, followed by those of the dark matter halo.
1 Likewise based on Gaia DR2 data, [7] also measured the rotation curve of our Galaxy. Their result is consistent with that of [1].
42.1. Baryonic models
One of the fundamental tasks of Galactic Astronomy is to determine the luminosity distribution of the different
baryonic components of the Milky Way—the stars, the gas and the dust. Their luminosity profiles effectively deliver
their mass profiles. Various studies have been dedicated to this endeavour, but we yet lack a consensus in the baryonic
model for the Milky Way (see e.g. [8, 9]). For this reason, we iterate our analysis over two different baryonic models
that are backed up by different observational studies. The choice of two different models also allows us to examine
the effect that the baryonic matter distribution has on the estimates of ρDM,.
2.1.1. Baryonic model B1
We refer to our first mass model of baryons as B1. It essentially corresponds to the baryonic part of the Galactic
model used by [1], that they fix in their analysis. However, we consider both the case of parameters fixed to agree
with their work and also the more general case in which we allow parameters to vary. This model is based on Model
I of [10]. It consists of three components, namely, a bulge and two disks (divided in terms of a thin and a thick
distribution). The bulge is modeled as a Plummer potential [11] given as
ΦPlummer(r) = − GMbulge√
r2 + r2b
, (3)
where r is the distance in galactocentric Cartesian coordinates and rb is the cut-off radius. The thin and the thick
disks are represented independently by Miyamoto-Nagai potentials [12] that are expressed as
ΦMN(R, z) = − GMdisk√
R2 +
(
Rd +
√
z2 + z2d
)2 , (4)
where R is the radius in the galactocentric cylindrical coordinates, and Rd, zd are the characteristic scales of the
profile.
Whenever we fix the baryonic components of this model in our analyses, we set all the parameters at the same
values used by [1], as described in [10], with Mbulge = 1.067 × 1010 M and rb = 0.3 kpc for the bulge, and Mthin =
Mthick = 3.944 × 1010 M, Rthind = 5.3 kpc, zthind = 0.25 kpc, Rthickd = 2.6 kpc and zthickd = 0.8 kpc for the disks. The
same parametric setting is used for the mean values of the Gaussian priors when we allow the baryonic components to
vary in the fits. The chosen values of the baryonic components are motivated by several observations, among which
[10] used the local baryonic surface and volume densities of the Milky Way. The used observations are based on
different studies [9, 13–17]. As we show in section 3, we study both the cases where we fix these parameters and also
those in which we allow some variation.
2.1.2. Baryonic model B2
Miyamoto-Nagai disks have density profiles that do not decline as rapidly with radius as observed disk galaxies,
and are expected to overestimate the mass of the baryons towards the outer Galactic radii [18]. For this reason, we
study another baryonic model that we refer to as B2.
The motivation for B2 comes mainly from the observational studies of [19], where they analyzed COBE dust
emission maps [20, 21] to constrain the parameters of their Galactic model. Such model is comprised of axisymmetric
distributions for the stars (composed of a bulge and a disk), the dust (cold and warm) and the gas (molecular H2
and atomic HI). The stellar disk, the two dust components and the H2 gas distribution are all modelled as double
exponential profiles expressed as
ρ(R, z) = ρ0 exp
(
− R
Rd
− |z|
zd
)
, (5)
where ρ0 = M/(4pizdR
2
d) is the normalization, M is the corresponding mass, and Rd and zd are the characteristic
scale length and height, respectively. We set these parameters as Mdisk = 3.65 × 1010 M [9, 22], Rdiskd = 2.35 kpc,
zdiskd = 0.14 kpc; Mcold = 7.0 × 107 M, Rcoldd = 5.0 kpc, zcoldd = 0.1 kpc; Mwarm = 2.2 × 105 M, Rwarmd = 3.3 kpc,
zwarmd = 0.09 kpc, and MH2 = 1.3 × 109 M, RH2d = 2.57 kpc, zH2d = 0.08 kpc [19]. The atomic HI gas distribution is
5also modelled as a double exponential, as per Eq. (5), with its mass defined as M = 4piρ0zdRd(Rt+Rd) e
−Rt/Rd , where
MHI = 8.2 × 109 M, RHId = 18.24 kpc, zHId = 0.52 kpc and Rt = 2.75 kpc, as obtained in [19]. This mass definition
corresponds to that of a truncated disk, although we are using a double exponential shape without truncation for the
sake of easier numerical analyses. This is feasible because the contribution that gas and dust terms adds to the global
rotation curve is significantly smaller than that of the remaining components. Therefore, this minor approximation
does not cause any marked effect. We however include these components in our total baryonic mass model for
consistency and in order to have a more realistic distribution of baryons.
For the bulge, we substitute the original axisymmetric profile, used in [19], with a spherical Hernquist potential
that is given as
ΦHernquist(r) = −GMbulge
rb + r
, (6)
where we set Mbulge = 1.55× 1010 M [9, 22]2 and rb = 0.7 kpc. This change is also motivated by an easier numerical
calculation, since the original profile used in [19] has a more complicated shape. We decided to use a Hernquist profile
(Eq. (6)) instead of a Plummer potential (Eq. (3)) because a Hernquist profile with rb = 0.7 kpc adjusts better, given
the same mass, to the bulge’s shape used in [19]. In our analysis, the values of Mbulge and Mdisk (or equivalently the
central values of their Gaussian prior distributions, when these parameters are allowed to vary) were chosen such that
Mbulge/(Mbulge +Mdisk) = 0.3 [9].
2.2. Dark matter profiles
One of the long-standing problems of astrophysics and cosmology has been to determine the dark matter distribution
around the Milky Way. Since a change of the dark matter halo can affect the estimate of ρDM, from the Milky Way’s
rotation curve, we use two different parameterizations for the dark matter component, allowing for different shapes
that deviate particularly towards the centre. Specifically, one of the profiles that we use presents a cusp in the centre
(see Eq. (7) below) while the other one can exhibit a cored halo (see Eq. (8) below) for some values of its free parameter
α.
1. We describe our first dark matter halo as a generalized version of the Navarro-Frenk-White (NFW) profile, that
we refer to as gNFW,
ρgNFW(r) = ρ0
(rs
r
)γ (
1 +
r
rs
)γ−3
, (7)
where ρ0 is the normalization constant, rs the scale radius and γ the inner slope. For γ = 1 the profile becomes
the well-known NFW halo (ρNFW, [23]). This profile is a common approximation to dark matter densities
found in cosmological simulations, and it represents a cuspy profile that diverges towards smaller r values. We
incorporate both cases in our study, one where γ is a free parameter (varying in the range γ = 0–2) and another
where we set γ = 1 (which then takes the form of the usual NFW).
2. The second dark halo that we consider is the Einasto profile [24], which is expressed as
ρEin(r) = ρ0 exp
{
− 2
α
((
r
rs
)α
− 1
)}
, (8)
where α determines how fast the density distribution falls with r, making it cored towards the central regions
of the Galaxy when its value is close to α = 1. We allow for values of this parameter in the range α = 0–1.
In the next section, the parameters of the dark matter halo that we will directly constrain in our analyses (comparing
the Milky Way’s rotation curve data with the outcome of our Galactic mass models) are the virial mass M200, the
virial concentration c200, and the γ and α parameters. With this definition, M200 is the mass contained within the
radius r200 such that the energy density is 200 times larger than the critical energy density ρcrit of the Universe,
M200 =
4pi
3
r3200∆200ρcrit, (9)
2 The value of Mbulge estimated by [22] was obtained from a triaxial modelling of the bulge region.
6where ∆200 = 200. Notice that this is just a matter of definition, so choosing this or another virial overdensity (like
the one derived from the collapse of a spherical top-hat perturbation [25]) does not affect our results.
One remark worth making is about the concentration parameter, defined as
c200 =
r200
r−2
, (10)
where r−2 is the radius at which the slope d lnρ/d lnr = −2. In the ρgNFW case, r−2 = (2 − γ)rs. This means that
for very steep gNFW halos, with values of γ close to 2, rs becomes extremely large. On the other hand, for ρEin we
have the relation r−2 = rs.
Defining η as the parameter γ for the gNFW profile and α for the Einasto profile, the connection between the
varied dark matter quantities of our analyses, {M200, c200, η}, and a given dark matter profile ρDM(r, rs, ρ0, η), is
made through Eqs. (9), (10) and
M200 = 4pi
∫ r200
0
ρDM(r
′, rs, ρ0, η) r′2 dr′. (11)
For each set of values {M200, c200, η} we first determine r200 using Eq. (9), then we obtain rs from Eq. (10), and finally
we get the value of the normalization ρ0 that determines ρDM(r, rs, ρ0, η) solving Eq. (11).
3. ANALYSES
In this section, we present our analyses of the Milky Way’s rotation curve based on the implementation of the
aforementioned Galactic mass models. To this end, we perform Bayesian analyses, comparing the circular velocity
measurements against the circular velocity values obtained from the mass models, in order to constrain ρDM,. In
particular, we run a Markov Chain Monte Carlo (MCMC) using the affine invariant sampler emcee [26] implemented
in Python, with the log-likelihood function defined by
lnL = −1
2
∑
i
(
vdc (Ri)− vmc (Ri)
σi
)2
, (12)
where the summation i is done over all the data points. vdc (Ri) is the measurement of the circular velocity at a given
radius Ri in the galactocentric cylindrical coordinates, and the corresponding model value is given by v
m
c (Ri). The
Gaussian dispersion σi is quadratically summed over the statistical and systematic uncertainties associated to the i-th
data point. Given a theoretical mass model, we evaluate vmc (R) as
vmc (R) =
(
v2c,DM(R) + v
2
c,B(R)
)1/2
, (13)
where v2c,DM(R) is the contribution to the circular velocity coming from dark matter and v
2
c,B(R) is the summed
contribution of the different baryonic components, as described in section 2. The circular velocity for each component
is obtained from its potential using Eq. (1).
Furthermore, the uncertainty in the estimate of ρDM, is related to the dependence of this quantity upon the solar
distance from the Galactic centre, R. Since the value of R also has some associated uncertainty, it is something
that needs to be taken into account. Therefore, R is included as an additional parameter over which we sample
in our MCMC. In particular, we use R = 8.122 ± 0.031 kpc [27], which is the same value adopted by [1]. Larger
uncertainties are usually adopted for this quantity (see e.g. [9]). However, throughout our study we observe that the
estimates of ρDM, are mostly susceptible to changes in the underlying distribution of baryons.
In all our analyses we consider flat priors for the dark halo parameters: M200, c200, α and γ.
3.1. Analysis of model B1
We first study our baryonic model B1, defined in section 2.1.1, in combination with different dark halo profiles, to
find estimates for ρDM, from matching to the rotation curve data. We begin in section 3.1.1 by studying exactly
the same case as done in [1], using their values of baryonic parameters together with a standard NFW halo. Our
resulting ρDM, agrees with theirs, but we find even smaller error bars for this particular case, as we will explain.
Then in section 3.1.2 we generalize by allowing the values of the baryonic parameters to vary, and in section 3.1.3 we
generalize further by considering a variety of dark matter halo profiles.
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Figure 1. Rotation curves for the case of an NFW dark halo and baryons from the model B1. Left panel : Parameters of
the baryonic components fixed to the values described in section 2.1.1 (the same mass model as [1]). Right panel : Baryonic
components allowed to vary with Gaussian priors as described in section 3.1.2. The black shaded region corresponds to 1σ
systematic uncertainties and other areas correspond to marginal 68% credible regions, with the mean values shown as lines.
without systematics with systematics
M200 [10
11 M] 7.25± 0.26 6.5+1.6−1.2
c200 12.7± 0.3 12.9+1.7−1.5
ρDM, [GeV/cm3] 0.2981+0.0022−0.0023 0.293
+0.009
−0.010
r200 [kpc] 189.4
+2.1
−2.3 184
+14
−12
rs [kpc] 14.9± 0.5 13.7+3.1−2.3
Table I. Fitted and derived quantities obtained from the analysis of the baryonic model B1 when their parameters are fixed, as
in the analysis of ρDM, presented by [1], and an NFW dark matter halo (section 3.1.1). Top rows correspond to parameters
of the fit, while the last rows are derived quantities. The values correspond to the maximum and 68% credible region of the
marginal posteriors.
3.1.1. Fixing baryonic parameters as in the case studied by [1]
In this section we first study the value of ρDM, obtained with exactly the same mass model as in the illustration
case presented by [1]. We use the model B1 for the baryonic components with the parameters fixed to the values
presented in section 2.1.1, and we use an NFW profile for the dark halo (ρgNFW with inner slope γ = 1), thereby
fitting for the NFW parameters M200 and c200. In addition, we distinguish two cases, one in which we do not include
the systematic uncertainties of the data in the fit and another in which we include them. We make this distinction
because we are able to reproduce the results of [1] only when systematics are not included.
The best-fit rotation curve when we include systematic uncertainties is shown in the left panel of Fig. 1, together
with the individual contribution from each Galactic component. The corresponding fitted values for the parameters
of the dark matter profile are provided in Tab. I. Comparing these results with those of [1], we find that we are
successfully able to reproduce their analysis only when no systematics are included, with the single exception of the
uncertainty associated with the derived ρDM,, for which we find smaller error bars. We think that the reason is due
to a correlation found in our analysis between the two fitted quantities M200 and c200 (see Fig. 2). Since ρDM, is
a derived parameter that depends on M200, c200 and R, one needs to propagate the error of the virial quantities
in order to infer the error of ρDM,. If we neglect the correlation shown in Fig. 2 and compute the uncertainty
of ρDM, from quadratic error propagation of R, M200 and c200, assuming that they are independent, we get an
uncertainty that is consistent with [1] findings. It is important to highlight that we correct this aspect and account
for the correlation in the rest of the study.
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Figure 2. Correlation found between the two fitted virial quantities when we analyze the baryonic model B1 and an NFW dark
matter halo (with the same parameter choices as were studied by [1]), with no systematic uncertainties in the data and when
baryonic parameters are fixed to the values given in [10]. The 68% and 95% credible regions are shown. This correlation is
independent of the c200-M200 relation found in N -body simulations, that we discuss in section 4.3.
3.1.2. Varying baryonic parameters
In the previous section we fixed the baryonic components of the Galaxy, but our knowledge on the distribution
of baryons in the Milky Way is not perfect. Therefore, as a first approach to test the dependence of ρDM, on the
baryonic parameters, we free our model B1 to let it vary in our analysis. However, in order to retain the essence of
the model, we impose a Gaussian prior on the parameters, taking as central values those discussed in section 2.1.1,
with a standard deviation corresponding to 15% of the central values for the masses and 10% for the characteristic
scales. These standard deviations enter in the range of uncertainties presented in [9, 10]. As in the previous section,
we assume a standard NFW halo for the dark matter.
The rotation curves obtained from this analysis are shown in the right panel of Fig. 1 and the corresponding dark
matter halo fitted parameters are listed in the first column of Tab. II. Comparing these results with the values of
Tab. I we can see that the error bars of all the dark matter parameters broaden when baryons are allowed to change.
In addition, we noticed that the resulting posterior distributions of the baryonic parameters are dominated by their
priors. This is an expected behaviour for two reasons: a) the constraining power of vc is not enough to fit all the
baryonic parameters together with those of the dark matter, and b) the baryonic contribution to vc, for most of the
range of R values covered by the data, is smaller than the contribution of the dark matter component, as can be
realized from the rotation curve figures. We also checked that doubling the uncertainties on the baryonic parameters
does not make a significant difference in the ρDM, estimate, and neither to its uncertainty. However, when we
imposed flat priors on our baryonic model, we found that the analysis preferred to fit the data with the dark matter
distribution alone, ending up making the contribution from baryons too small to be realistic. This already points
towards the dependence of the estimated ρDM, on the assumed baryonic distribution.
3.1.3. Changing the dark matter profile
We now study the effect that changing the dark matter profile has on the inferred value of ρDM,. We use the same
varying baryonic parameters for model B1 as in section 3.1.2; however, for the dark matter profile, we now generalize
from standard NFW to gNFW with γ being a free parameter. In other words we now let the inner slope γ of the
ρgNFW dark matter halo (Eq. (7)) become a free parameter of the mass model. The values of the dark matter fitted
and derived quantities are shown in Tab. II. One can see that the resulting value of ρDM, is essentially the same as
before, despite the freedom in the dark matter profile. However, the additional inclusion of another free parameter
in general broadens the obtained uncertainties of the velocity curves. The standard NFW profile with γ = 1 is well
contained within the 68% credible region when γ is allowed to change.
9NFW gNFW Einasto
M200 [10
11 M] 5.2+2.0−1.1 5.5
+3.1
−1.4 2.8
+7.7
−1.2
c200 15
+5
−4 14± 5 12± 4
Slope parameter γ = 1 γ = 1.2+0.3−0.8 α = 0.11
+0.20
−0.05
ρDM, [GeV/cm3] 0.301+0.028−0.025 0.300
+0.028
−0.027 0.301± 0.027
r200 [kpc] 173
+19
−13 174
+29
−15 182
+43
−51
rs [kpc] 10
+5
−3 9
+12
−8 11
+10
−4
Table II. Dark matter related quantities obtained from the fit of the baryonic model B1, when the parameters of the baryonic
components are allowed to vary, using an NFW, a gNFW and an Einasto dark matter halo. For the last two columns γ and α
are extra free parameters of the analysis. Top rows correspond to fitted variables and the last rows are derived quantities. The
values correspond to the maximum and 68% credible region of the marginal posteriors.
On the other hand, the values of the baryonic parameters are not affected by this change in the dark matter profile,
since they are still prior dominated (see the discussion in section 3.1.2).
On a similar basis, running the analysis by implementing an Einasto profile to model the dark matter distribution
(Eq. (8)) also has a negligible effect on the estimate of ρDM, (see Tab. II). Since this profile is naturally less peaked
at the centre, the virial mass is reduced by about a factor of two with respect to the standard and generalized NFW
studies. However, their values are compatible within their uncertainties.
In Fig. 6 of the appendix A we show the plot including the 2D marginal credible intervals for the parameters of
Tab. II.
3.2. Analysis of model B2
We now repeat the study presented in the previous section, although this time modelling the baryonic components
with those of the model B2 (see section 2.1.2 for the details). The fact that the resulting ρDM, is driven by our
choice of the baryonic model will become clearer in this section.
We again allow baryons to change with Gaussian priors as described before (see section 3.1.2), with the exception
of the parameters for the gas distribution, for which we consider standard deviations corresponding to 25% and 20%
from the central values of their masses and characteristic scales, respectively. The reason for this broadening is that
these components are distributed in a clumpier way in the Galaxy, so the axisymmetric profiles provide a worse fit to
the COBE maps in the analysis of [19].
As we did in our study of the baryonic model B1, we start by assuming an NFW dark halo in section 3.2.1 and
change it later in section 3.2.2.
3.2.1. NFW dark matter profile
The first dark halo that we study is the standard NFW halo (gNFW with γ = 1). The resulting values of the dark
matter parameters are presented in Tab. III (first column of results) and the associated rotation curves are shown in
Fig. 3.
Partly because the total baryonic mass of the B1 model is larger than the baryonic mass of B2, the contribution
to the rotation curve of baryons from the B2 model is smaller than the contribution of baryons from the B1 model.
Therefore, a slightly more massive and concentrated dark halo is needed to fit the data well (compare the values of
Tabs. II and III). As a result, the estimated value of ρDM, in the analysis of the baryonic model B2 is about 30%
larger than in the analysis of the B1 model.
In principle, even though the mass of the stellar disk of model B2 is smaller than the mass of each of the two disks
of model B1, the contribution to the rotation curve coming from the disk of model B2 is larger than the individual
contributions of the baryonic disks of model B1, as can be appreciated comparing Figs. 1 and 3. The difference is
due to the larger density in the Galactic plane (at a height z = 0) of the double exponential disk from the model B2,
compared to the same density from the Miyamoto-Nagai disks of the B1 model.
The different choice of the bulge profile in the two baryonic models affects mostly the circular velocity at distances
smaller than 5 kpc from the Galactic centre, having little effect on the estimated value of ρDM,. Furthermore,
observationally we can not associate properly a value of the circular velocity to measurements in the region R .
10
NFW gNFW Einasto
M200 [10
11 M] 7.4+1.8−1.5 6.3
+3.4
−1.3 3.0
+5.7
−1.2
c200 16
+4
−3 17± 6 14+5−4
Slope parameter γ = 1 γ = 1.3+0.3−0.9 α = 0.18
+0.21
−0.09
ρDM, [GeV/cm3] 0.376± 0.025 0.387+0.034−0.036 0.384+0.038−0.034
r200 [kpc] 192
+15
−13 184
+29
−14 147
+59
−19
rs [kpc] 11
+4
−3 8.1
+10.6
−7.8 9.2
+5.3
−2.7
Table III. Dark matter related quantities obtained from the fit of the baryonic model B2 with an NFW, a gNFW and an Einasto
dark matter halo. Top rows correspond to fitted variables and the last rows are derived quantities. As usual, for the NFW halo
the inner slope is fixed to be γ = 1. The values correspond to the maximum and 68% credible region of the marginal posteriors.
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Figure 3. Rotation curves for the analysis of our baryonic model B2 and an NFW dark matter profile (see section 3.2.1).
Similar results are obtained when the dark matter halo is changed to a gNFW or an Einasto (see Fig. 4). The black shaded
region corresponds to 1σ systematic uncertainties and other areas correspond to marginal 68% credible regions, with the mean
values shown as lines.
5 kpc [28]. In addition, it is known that the bulge is not spherical at such distances (see e.g. [22]), so a spherical
approximation can be used as long as we do not include data at R . 5 kpc.
3.2.2. Changing the dark matter profile
As we did when analyzing the model B1, we test how robust the estimated value of ρDM, is to the change in
shape of the dark halo. We analyze both ρgNFW and ρEin. The estimated quantities are presented in Tab. III and the
corresponding rotation curves are similar to those obtained for an NFW (see Fig. 3) and are presented in Fig. 4.
Using a gNFW distribution, with free inner slope γ, we find a consistent measurement for all the parameters with
respect to the case with γ = 1 (the usual NFW profile). However, there is a noticeable increase in the error bars
because of the presence of an additional free parameter (the inner slope γ). On the other hand, an Einasto profile
produces a smaller virial mass M200 and virial radius r200. The maximum of their posteriors are nonetheless fully
compatible with the studies using an NFW or a gNFW halo.
The plot including the 2D marginal credible intervals for the parameters of Tab. III is shown in Fig. 7 of the
appendix A.
Similarly to what we obtained when analyzing the baryonic model B1, the estimate of ρDM, from studying the
model B2 is robust under the change of the dark halo, although it presents a larger variation in the maximum and
credible regions of its posterior.
The main source of change in the estimate of ρDM, is then the different baryonic distributions considered in the
model B1 (analyses of section 3.1) and B2 (analyses of this section 3.2).
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Figure 4. Rotation curves for the analysis of our baryonic model B2 and a gNFW (left) or an Einasto (right) dark matter halo
(see section 3.2.2). The black shaded region corresponds to 1σ systematic uncertainties and other areas correspond to marginal
68% credible regions, with the mean values shown as lines.
4. DISCUSSION
In order to understand better the consistency of the results obtained in our analyses, we compare them with other
estimates in the literature, both regarding ρDM, and other derived results. First, we comment on the local dark
matter density in section 4.1. Then we test in section 4.2 the constraining power of the rotation curve method to
a change in a disk structure. Since N -body simulations provide values for the c200-M200 relation, in section 4.3 we
compare the 2D posterior distribution from our analyses with the c200-M200 trend found in simulations. Finally, we
compare the estimated mass of the Milky Way from our mass models with measurements at different distances from
the Galactic centre in section 4.4.
4.1. Estimated local dark matter density
Our study shows that the estimated dark matter parameters are affected by the choice of the distribution of baryons.
In particular, as it is shown in Tabs. II and III, we find a larger value of ρDM, in the case of model B2 (that comprises
double exponential disk profiles) than in the case of B1 (that is based on Miyamoto-Nagai disk profiles). This happens
not only because of the larger mass of the B1 model, which contains around 50% more baryonic mass than the model
B2, but also because of the different shape assumed in the components, especially the disks. Assuming the same
mass, the double exponential stellar disk of model B2 contributes more to the rotation curve at intermediate-to-large
Galactocentric distances (3–10 kpc) than the Miyamoto-Nagai disks of the model B1. However, the presence of two
disks in the B1 model (with different scales but same mass) enhances the contribution of baryons to the rotation curve
with respect to model B2. Therefore, less dark matter is needed in order to fit the measured circular velocities in the
case of the baryonic model B1, and the resulting ρDM, value is ∼ 30% smaller than its estimate from the analysis of
the model B2.
The difference in the two baryonic models can also be seen comparing the distance at which the dark matter
contribution to the rotation curve becomes larger than the contribution of baryons. In particular, we obtain that for
the analysis using the model B1 this distance corresponds to Rvc,eq ∼ 10–16 kpc, where the values are the minimum and
maximum of the marginal 68% posteriors for the three dark matter profiles (NFW, gNFW and Einasto). Similarly,
the dark matter mass enclosed in a sphere of radius r overcomes the baryonic mass inside the sphere at a radius
rM,eq ∼ 8–14 kpc. On the other hand, when a baryonic B2 model is used, the distances at which dark matter
contributes more than baryons are Rvc,eq ∼ 4–11 kpc and rM,eq ∼ 3–9 kpc. These distances are closer to the Galactic
centre when the model B2 is used, which is consistent with a larger ρDM, with respect to the model B1.
Regarding a change in the dark matter profile, we find that choosing a spherical NFW, gNFW or Einasto halo does
not greatly affect the ρDM, estimates, given a baryonic model.
The obtained values of ρDM, from the analyses of the B1 and the B2 baryonic models are around ρDM, ∼
0.30 GeV/cm
3
and ρDM, ∼ 0.38 GeV/cm3, respectively. These values are consistent with most of the previous
studies (some recent examples are [16, 29–32]), but smaller than others (such as the recent estimates of [33, 34]). One
explanation could be the different method used to estimate ρDM,, since [33, 34] exploit the local z-Jeans equation
method, which is based on the vertical movement of stars in a region close to the Solar System (see e.g. [2, 35]). This
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method is likely to overestimate ρDM, when the assumption of equilibrium breaks down. Observations of asymmetries
in the densities and velocities of stars in the disk show that the disk is likely experiencing vertical oscillations, probably
because of the passage of a massive satellite (see e.g. [36, 37]). In addition, the Solar System could be placed at an
overdense region, compared to the surroundings, and it could also be possible that the baryonic models for gas and
dust are incorrect. We further comment on this possibility in the next section.
4.2. Sensitivity to disk uncertainties
In the previous section we discussed that the main difference between the best-fit values of ρDM, that we obtain
from the analyses of the two baryonic models, B1 and B2, arise from the difference in their disk structure. Thus, the
estimate of ρDM, using the rotation curve method is particularly sensitive to differences in the shape of the Galactic
disk. In this section we study by how much the determined value of ρDM, could be affected by disk uncertainties.
In principle, disk uncertainties could move ρDM, either up or down. However, it is rather difficult to obtain
a smaller value of ρDM,, because it would imply that the distribution of baryons decline even less rapidly, both
vertically and in radius, than in the Miyamoto-Nagai disks of the model B1. Such a spread distribution seems to be
incompatible with other observations [9, 18]. On the contrary, an additional thin disk distribution would increase
ρDM, and could explain the rather large values measured by [33, 34]. Remember, however, that these authors
used the z-Jeans equation method in order to infer ρDM,, and it is known that local methods can be affected by
disequilibria [38].
If the overdensity found in local studies is not a feature of disequilibrium, it could be argued that the excess is
produced by a dark matter disk (motivated by beyond the Standard Model physics, [39–41]), while another possible
explanation considers that it is made of baryonic gas [34]. Independently of the reason for such a excess, we can assume
for a moment that there really is an additional, extremely thin component in the Galaxy, that will increase ρDM,,
and study whether our analysis using the rotation curve method can determine the presence of the new component.
Therefore, we performed a simple test. We used our baryonic B1 model configuration with varying baryons plus an
NFW spherical halo. To these components we added an extremely thin double exponential disk, with fixed parameters
Rd = 3.93 kpc, zd = 0.038 kpc and M = 7.3× 109 M, that increases ρDM, by an amount compatible with the local
observations of [33, 34]. This additional component contributes to the rotation curve of the Galaxy in a similar way
as gas from the B2 model (see e.g. Fig. 3). We find that the varied parameters of the fit adapt very well, acquiring
values consistent with the analysis without the extra thin disk. Thus, the rotation curve method is unable to notice
the presence of such a thin component. However, the new component adds some extra energy density, in particular
close to the Galactic plane. If we interpret the energy density of the new thin disk as a dark, non visible source, we
should add an extra ∆ρDM, = {4.7, 2.4, 0.3}GeV/cm3 for a distance from the Galactic plane of z = {0, 25, 100} pc.
Since the Earth is at around z ≈ 25 pc from the plane [9], this would imply a local dark matter density 8 times
larger than the one obtained in the same analysis without the extra thin component.
We insist that we are not arguing in favor of the existence of the additional thin disk. But it is important to show
that the rotation curve method is insensitive to the existence of such a component, and the obtained values of ρDM,
from our analyses might be smaller than the real ρDM, value if there was indeed a new component whose distribution
is too spread to be noticed from the analysis of the Milky Way’s rotation curve.
4.3. Studying the c200-M200 relation
In order to investigate further the consistency with other studies, here we explore the relation between the two
main virial quantities, c200 and M200. Note, however, that the relation that we want to study in this section is
independent of the correlation found in our analyses between the two fitted dark matter quantities; such correlation
between c200 and M200, depicted in Fig. 2, is a result of the way that both parameters affect the fit of the dark matter
distribution to the data. Given the values of vc determined in [1] and for a fixed baryonic mass distribution, a more
concentrated dark halo (with larger c200) needs to have a smaller virial mass M200 in order to fit the data, as shown
in Fig. 2. However, what we are going to study in this section is the comparison of the relation between the two virial
parameters, c200 and M200, found in our analyses with respect to the same relation obtained in N -body simulations
(see for instance [42–44]).
Note that in our analyses we have used flat priors on the values of the two main virial quantities, c200 and M200.
However, N -body simulations reveal a characteristic relation between these two quantities (which we reiterate is
different than the relation shown in Fig 2), that can be expressed as
log10 c200 = a+ b log10
(
M200/[10
12h−1 M]
)
, (14)
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Figure 5. Marginal 68% and 95% credible regions for the analyses including an NFW or gNFW (left panel), or an Einasto (right
panel) dark halo. The c200-M200 relation obtained from N -body simulations [42] is also shown, with dashed lines corresponding
to its estimated 1σ uncertainty from [45].
where a = 0.520, b = −0.101 for an NFW halo, and a = 0.459, b = −0.130 for an Einasto profile [42].
In Fig. 5 we show the comparison between our analyses and N -body simulations. In the left panel the fitted dark
matter halo is an NFW (or a gNFW) and in the right panel we show the same when an Einasto profile is considered.
All marginal credible regions shown in the left panel are perfectly centered at the N -body trend, which assumes
an NFW shape of the halo. The studies of the baryonic model B1 prefer a slightly less massive halo and the 2D
posteriors of our analyses are wider for the gNFW profile since it has an extra free parameter.
For those cases that include an Einasto profile the comparison is less attractive, but the result of our analyses and
the N -body trend are still fully compatible. As shown in Tabs. II and III, the preferred M200 value is smaller for an
Einasto halo than for a gNFW. However, an Einasto profile fits more loosely to data and the 68% and 95% posteriors
extend beyond those found with a gNFW, except for the largest allowed values of c200 (see Fig. 5).
Overall, our results respect what is found in N -body simulations, indicating that our Galactic model behaves as
expected. However, it is worth mentioning that the c200-M200 relations of Eq. (14) were obtained from dark matter
only simulations, and the lines in Fig. 5 from [42] could change if baryons are included (see e.g. [46, 47]).
4.4. Estimated Galactic mass
Another quantity that we can compare with observations is the total dynamical mass of the Galaxy at different
distances from the Galactic centre. In Tab. IV we present the values obtained in our main studies, with varying
baryonic parameters and flat priors on the virial quantities, and compare them with a selection of observational
estimates. As can be seen in the table, our results are compatible with other studies in a wide range of values;
however, since the reach of the data that we have used only covers up to ∼ 25 kpc, the error of our estimated masses
grow at larger distances, making our estimate at the largest distance of 300 kpc comparatively smaller than the value
found by [48].
This difference is another indication that the constraining power of circular velocities is limited. Although current
well measured vc data have increased their reach up to 25 kpc, this distance is not enough to put robust constraints
on the virial mass and concentration parameters of the halo, since its real shape, in particular beyond 25 kpc, could
be very different from the assumed profiles of this work.
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Baryonic model B1 Baryonic model B2
NFW gNFW Einasto NFW gNFW Einasto Reference value Ref.
MMW(R < 300 kpc) [10
11 M] 6.5–9.8 6.5–10.9 3.6–15.6 7.9–11.9 6.8–12.5 3.4–10.6 14± 3 [48]
MMW(R < 100 kpc) [10
11 M] 4.4–5.9 4.5–6.4 3.6–7.8 5.1–6.9 4.8–7.2 3.4–7.2 4.1± 0.4 [49]
MMW(R < 50 kpc) [10
11 M] 3.2–3.9 3.3–4.0 3.1–4.5 3.6–4.4 3.5–4.5 3.2–4.6 3.7+0.4−0.3 [50]
MMW(R . 20 kpc) [1011 M] 1.9–2.0 1.9–2.0 1.8–2.0 1.9–2.1 1.9–2.1 1.9–2.1 2.1+0.4−0.3 [51]
Table IV. Comparison between the mass of the Milky Way obtained from the mass models of our analyses and estimates from
other studies. Marginal 68% credible regions are shown. The first three columns correspond to our baryonic model B1 and
columns 4–6 to the baryonic model B2. Different radial distances are considered.
5. CONCLUSIONS
Our goal in this work was both to estimate the value of ρDM, from the rotation curve of the Galaxy and to study
the robustness of the determination. This last point was addressed using different Galactic mass models, with different
dark matter and baryonic density distributions. In order to estimate ρDM,, we fitted the parameters of the mass
models to the precise measurements (using Gaia DR2 data) of the Milky Way’s circular velocity presented in [1].
We examined two baryonic models, referred to in the text as B1 and B2 (see section 2 for the description of the
models), and tested three different dark matter spherical halos (NFW, gNFW and Einasto). The main difference
between the baryonic models stands in the fact that B1 is denser than the model B2 in the intermediate Galactic
radii regions and out of the Galactic plane.
Given a baryonic mass model, we found the value of ρDM, to be robust under the change of the spherical dark
matter halo. However, ρDM, was more sensitive to a change in the baryonic model. In particular, in the analyses
of the model B1 we found a value of ρDM, ' 0.30 GeV/cm3 (see Tab. II), while ρDM, ' 0.38 GeV/cm3 was found
instead for the baryonic model B2 (see Tab. III). Notice that the 68% region for the baryonic model B1 goes up to
ρDM, ≈ 0.33 GeV/cm3, while the 68% region for the B2 model goes down to ρDM, ≈ 0.35 GeV/cm3. One can see
that the regions do not overlap at the 68% level, but they do at 95%. Thus the baryonic models are not totally
incompatible.
Although the difference between models B1 and B2 is not extremely large, it is important, in particular given
that usually people only cite the error bars for one baryonic model. Within one single model the largest 1σ error
bars on ρDM, correspond to ±0.036 GeV/cm3 (for the case of baryonic model B2 and Einasto dark matter profile),
see Tab. III. On the other hand, when we take into account the variety of mass models considered in this paper, in
particular the uncertainty in the baryonic profile by considering both models B1 and B2, the 1σ uncertainty range
reaches 0.149 GeV/cm3. This error is at least twice that from any of the individual mass models.
We also tested the robustness of the rotation curve method to estimate ρDM, assuming the existence of an hypo-
thetical thin disk, together with an NFW dark halo and the baryonic components of the B1 model. In this scenario
the fit to the vc data is not able to perfectly distinguish the presence of such thin disk, since it barely contributes to
the Galactic rotation curve. Thus, uncertainties in the Galactic disk can significantly increase the uncertainty in the
estimate of ρDM,, that could be more than a factor 8 larger if an additional thin disk is present in the Milky Way.
Furthermore, we compared the resulting virial quantities of our analyses with the c200-M200 trend from N -body
simulations, finding them to be consistent. We additionally compared the total Galactic mass resulting from our
analyses with respect to observational estimates at different distances from the Galactic centre. This comparison
shows that the constraining power of circular velocities is limited. The reach of current vc measurements have
extended its precision up to 25 kpc, but this distance is still not enough to put robust constraints on the parameters
(virial mass and concentration) of the halo. Indeed the halo shape could be different from the assumed profiles of this
work, in particular at larger distances from the Galactic centre.
Overall, we proved that the estimate of ρDM, from Milky Way’s rotation curve measurements depends on the
assumed shape for the mass distribution, regardless of the precision of the vc measurements.
In order to constrain ρDM, in a more robust way, more data apart from circular velocities need to be taken into
account. We plan to do that in future works, also combining different methods to that of the rotation curve in a
search for an estimate of ρDM, as precise and consistent as possible.
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Figure 6. Marginal 68% and 95% credible regions for the parameters presented in Tab. II, corresponding to the analyses of
section 3.1 that include the baryonic model B1. We note that the parameters γ and α apply to different dark matter models
(gNFW and Einasto) which is why the regions for the different models are not necessarily expected to overlap.
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Appendix A: Triangular plots of the dark matter parameters
In this appendix we present the triangular plots corresponding to the 2D marginal 68% and 95% credible regions
of the dark matter fitted and derived parameters of our analyses. Figure 6 shows the triangular plot for the analyses
including the baryonic model B1 (section 3.1). Figure 7 shows the triangular plot for the analyses including the
baryonic model B2 (section 3.2).
Figure 7. Marginal 68% and 95% credible regions for the parameters presented in Tab. III, corresponding to the analyses of
section 3.2 that include the baryonic model B2. Again, the parameters γ and α apply to different dark matter models (gNFW
and Einasto) which is why the regions for the different models are not necessarily expected to overlap.
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